Abstract-We report a Germanium waveguide electroabsorption modulator with electro-optic bandwidth substantially beyond 50 GHz. The device is implemented in a fully integrated Si photonics platform on 200 mm silicon-on-insulator wafers with 220 nm top Si thickness. Wide open eye diagrams are demonstrated at 1610 nm operation wavelength for nonreturn-to-zero on-off keying (NRZ-OOK) modulation at data rates as high as 56 Gb/s. Dynamic extinction ratios up to 3.3 dB are obtained by applying drive voltages of 2 V peak-to-peak, along with an optical insertion loss below 5.5 dB. The device has a low junction capacitance of just 12.8 fF, resulting in 12.8 fJ/bit of dynamic and ∼1.2 mW of static power consumption in typical operating conditions. Wafer-scale performance data are presented and confirm the manufacturability of the device. The demonstrated modulator shows great potential for realizing high-density and low-power silicon photonic transceivers targeting short-reach optical interconnects at serial data rates of 56 Gb/s and beyond.
I. INTRODUCTION
O PTICAL transceivers based on silicon (Si) photonics are increasingly being considered for short-reach interconnects in datacenters and for chip-to-chip interconnect applications [1] . Integrated Si photonics exploits the CMOS infrastructure to manufacture optical circuits, realizing cost benefits through economies of scale. Significant research and develop-ment have resulted in the demonstration of basic building blocks such as high-speed photodetectors [2] , [3] , modulators [4] - [13] and wavelength-division multiplexing filters [14] both in bulk CMOS [15] , [16] and in SOI [17] - [21] . Among these components, modulators exploiting the free carrier dispersion effect in Si have been demonstrated in Mach-Zehnder interferometer (MZI) and ring resonator configurations. Si based MZI modulators have wide optical bandwidth suitable for high speed modulation but suffer from large footprints and relatively high power consumption [12] . On the contrary, ring based modulators in Si have small footprint and low power consumption but suffer from low optical bandwidth and are not robust against process and thermal variations [13] . Alternatively, electro-absorption modulators (EAM) exploit the Franz-Keldysh (FK) effect or the quantum-confined stark effect in epitaxially grown GeSi or Ge [4] - [10] . The FK effect is known to be a sub-picosecond phenomenon enabling high-speed modulation, and as such can be considered as a potential candidate to meet low energy-high bandwidth targets for Si based modulators [22] , [23] . GeSi based EAMs have higher optical bandwidth than Si based ring modulators and lower footprint and power consumption than the Mach-Zehnder based modulators [7] .
In this paper, we present wafer-scale data of a 56 Gb/s capable Ge waveguide EAM implemented in a sub-micron Si photonics platform using a 130 nm CMOS toolset. The demonstrated EAM has an insertion loss (IL) of 4.8 dB and dc extinction ratio (ER) of 4.6 dB at 1615 nm for a voltage swing of 2 Vpp, resulting in a minimum transmitter penalty (TP) of 9.1 dB. The device has a 3 dB bandwidth beyond 50 GHz and a junction capacitance of 12.8 fF for -1 V bias voltage. Clear open eye diagrams are demonstrated at a data rate of 56 Gb/s at 1610 nm with a dynamic ER of 3.3 dB for voltage swing of 2 Vpp. For nonreturn-to-zero on-off keying (NRZ-OOK) data rates of 56 Gb/s, the device consumes 12.8 fJ/bit of dynamic power at 2 Vpp voltage swing and 1.2 mW of static power due to light-current in typical peak-to-peak operating conditions.
II. GE EAM: DESIGN AND FABRICATION
The presented Ge EAM is designed to exploit the FK effect, which enables the modulation of the absorption coefficient of bulk Ge by an applied electric field for photon energies near the direct band gap of Ge [7] . An electric field difference of 50 kV/cm between the OFF and ON states can change the absorption coefficient in Ge by a factor of 3 [10] . Such strong electric field contrast between the two transmission states can 0733-8724 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. be implemented using a p-i-n diode operated in reverse bias. In our Ge EAM design, we have adopted a lateral p-i-n diode, contacted from highly doped Si layers as shown in cross-section schematic in Fig. 1 (a). The doping profile and doping level were optimized through electro-optic simulations using Sentaurus and RSOFT. A strong optical mode overlap with the electric field and sufficiently low free-carrier absorption due to dopants was obtained [see , the 600 nm wide Ge waveguide has an electric field up to 9.8 kV/cm at 0 V and 56 kV/cm at -2 V along the width of the width of the Ge waveguide at half height. By combining the simulated electric field distribution in the waveguide, optical mode distribution, doping profile and Ge absorption spectrum including the FK effect, the absorption in the Ge waveguide can be accurately modeled as shown in Fig. 1 
(e).
A set of modulators with Ge length varying in the range of 10-80 μm and width varying in the range of 0.4-1 μm were fabricated in imec's iSiPP25G Si photonics platform using a 130 nm CMOS toolset [17] . The modulators were fabricated on a 200 mm SOI wafer with 220 nm top Si layer on 2 μm thick buried oxide (BOX). Ge was selectively grown in 110 nm deep recessed Si region using reduced pressure chemical vapor deposition. The wafer was annealed to decrease the threading dislocation density and the Ge islands were planarised with chemical mechanical polishing to a final thickness of 350 nm. Ge was doped with ion implantation to form n-type and p-type regions. The dopants were activated by annealing at 550°C. Due to the mismatch in thermal expansion coefficient between the Ge epitaxial layer and the Si substrate, the Ge EAM devices exhibit an estimated tensile strain of 0.2% shifting the bandgap from 0.8 eV (1550 nm) to 0.78eV (1580 nm) as also reported in [10] and [24] . The Ge waveguides are coupled to a Si waveguide using low-loss tapers implemented in the poly-Si layer of the iSiPP25G technology. Grating couplers for transverse electric (TE) polarization with peak-coupling wavelength of 1610 nm were used for fiber coupling to and from the chip.
III. MODULATOR PERFORMANCE: STATIC CHARACTERISTICS
A device with an active area of 0.6 μm × 40 μm has been found to show the best electro-optic performance for NRZ-OOK modulation among the realized devices [10] . In order to assess the optical transmission loss through the Ge waveguide at different reverse bias, the loss spectra of the Ge EAM devices were measured and normalized with the transmission spectrum of a neighboring reference Si waveguide. Fig. 2(a) and (b) show the measured IL spectrum from 1580 to 1630 nm for TE polarization at 25 and 40°C. The absorption of the TE polarized light in the modulator is dominated by the HH-Γ band gap of Ge located at 1580nm. The red-shift in the absorption spectrum with temperature as shown in Fig. 2(b) is due to bandgap narrowing with temperature and is extracted to be 0.78 nm/°C. Fig. 3(a) shows the extracted IL and ER from the measured loss spectra in Fig. 2 . For a 2 V swing, the IL is 4.6 dB and the ER is 4.3 dB at 1615 nm. The indirect band absorption and the residual FK absorption due to the 9.8 kV/cm electric field at 0 V are two main contributions to the IL. The extracted IL also includes the coupling loss from the poly-Si taper between the Si waveguide and the Ge modulator. Fig. 3(b) shows the IL and ER extracted from 20 devices across a 200 mm wafer. The ER at -2 V has a wafer mean value of 4.6 dB with a standard deviation of 0.4 dB. The IL has an average value of 4.9 dB with a standard deviation of 0.8 dB. This illustrates the wafer-scale manufacturability of the device.
The TP of a modulator can be used to assess the optical loss and operational wavelength range of the modulator. It is defined as TP = (P out (1) − P out (0))/(2 × P in ) where P out (1) and P out (0) are the high and low level of output optical power from the modulator and P in is the input optical power [7] . The wafer mean TP for 2 V swing is measured to be 9.1 dB with a standard deviation of 0.6 dB and has a 1 dB bandwidth of greater than 22 nm (1607.5 -1630 nm) as shown in Fig. 4(a) and (b) . The complete 1 dB optical bandwidth could not be measured as the tunable laser could only sweep up to 1630 nm. The current operation wavelength of 1615 nm can be shifted to 1550 nm with the incorporation of ∼1% Si during Ge epitaxial growth [7] . Fig. 5(a) shows the I-V characteristics of the device with and without illumination. At -1 and -2 V and room temperature, the Ge/Si diodes have a dark current of 12.5 nA and 47 nA respectively, indicating high quality epitaxial Ge. The light current was measured by operating the tunable laser at the peak wavelength of the grating coupler and aligning the fiber from the laser to the input grating coupler for maximum photo-current. The responsivity of the Ge EAM was extracted by sweeping the input waveguide power and monitoring the photocurrent. A responsivity of 1.2 A/W was extracted at -2 V for 1610 nm wavelength as shown in Fig. 5(b) . 
IV. MODULATOR PERFORMANCE: HIGH-SPEED CHARACTERISTICS
The electro-optic bandwidth of the modulator was measured with a 50-GHz lightwave component analyzer. The RF system was calibrated to normalize the measurement with the RF response of the probe, cables, bias-tee and the photodetector. Fig. 6(a) shows typical S 21 electro-optic S-parameter for various applied biases with an input optical power of 5 dBm. The 3 dB bandwidth of the modulator is greater than 50 GHz for -1 to -3 V. Since the FK effect is a phenomenon occurring on a sub-picosecond time scale [22] , the speed of the modulator is limited by the RC delay. As the device is operated in reverse bias, higher reverse bias reduces the junction capacitance and increases its speed. This can be verified in Fig. 6(a) where the modulation bandwidth at -0.2 V is lower than at -1 V. The high-speed performance of the modulator can be further analyzed with the help of the equivalent circuit model in Fig. 6(b) . This model was used to fit the measured RF S 11 parameter as shown in Fig. 4(b), Fig. 4(c) and Fig. 4(d) in order to extract the device's electrical parameters. R s and C j represent the reverse biased p-i-n junction, and R Si and C ox represent the current path through the Si substrate and the BOX, respectively. C m represents the metal pad capacitance. On fitting the model to the S 11 parameter across many devices, the extracted junction capacitance of the modulator is estimated to have a wafer mean of 12.8 and 7.2 fF at -1 and -2 V respectively, along with a series resistance of 138 and 280 Ω respectively suggesting a RC limited bandwidth beyond 80 GHz.
The large signal modulation of the modulator is shown in Fig. 7 . A pseudorandom binary sequence (PRBS) signal with a pattern length of 2 31 -1 and data rates of 28, 40 and 56 Gb/s generated with four 14 Gb/s MU181020B Anritsu pulse pattern generator and a MP1821A 50G/56 Gb/s MUX was delivered to the device with a 50 Ω terminated 50-GHz GS RF probe from Cascade Microtech. The modulated light was amplified using an L-band EDFA and filtered by an optical tunable filter with wavelength tunability of 1530-1610 nm, before reaching the oscilloscope. The measurements were performed with nominal peak-to-peak voltages of 1.5, 2.0 and 2.5 Vpp to modulate light at 1610 nm with input power of 0d Bm. The EDFA and the tunable filter limits the evaluation up to 1610 nm, which is 5 to 10 nm below the optimum wavelength with minimum TP. Clear and open eye diagrams with dynamic ER of 3.29 and 3.85 dB for 2 and 2.5 Vpp swing were obtained at 56 Gb/s with a signalto-noise ratio greater than 5. To the best of our knowledge, this is the first demonstration of NRZ-OOK modulation at 56 Gb/s bit rates by a Ge EAM. Longer devices exhibit larger ER (∼7dB TABLE I  BENCHMARKING TABLE COMPARING THE PRESENTED GE EAM WITH OTHER TYPES OF STATE-OF-THE-ART SI, GESI AND GRAPHENE OPTICAL MODULATORS at 2 Vpp) and can be used for higher order modulation formats such as PAM4, however at the expense of higher IL (∼9dB) [10] .
V. ESTIMATED POWER CONSUMPTION
The power consumption in an electro-optic modulator has two main contributions: dynamic power consumption and static power consumption [25] . The dynamic power consumption is defined as the amount of power required to switch the modulator from the ON to OFF state and vice versa. The junction capacitance extracted from the RF S 11 parameter of the modulator can be used to estimate the average dynamic energy consumption per bit as ¼(C j V 2 pp ). With C j = 12.8fF at bias voltage of -1 V, the dynamic energy consumption per bit is ¼(C j V 2 pp ) = 12.8fJ/bit for V pp = 2 V. For a 56 Gb/s data transmission rate, the dynamic power consumption for 2 Vpp swing voltages is therefore 0.64 mW. The static power consumption in the EAM originates mostly from the light current and can be estimated as ½(P in R on V on +P in R off V off ). With a responsivity of 1.2 A/W at -2 V and input waveguide power of 0 dBm (1 mW) in typical operating conditions, the static power consumption is 1.2 mW.
As a result, the total power consumption (dynamic and static) is 1.84 mW for 2 Vpp swing voltage at 56 Gb/s. Table I summarizes the key figures of merit comparing the presented Ge EAM with other Si, hybrid Si and Ge(Si) based modulators.
VI. CONCLUSION
We have demonstrated a 56 Gb/s Ge waveguide EAM integrated in a 220 nm SOI photonics platform. The modulator has a 3-dB bandwidth modulation greater than 50 GHz and a junction capacitance of 12.8 fF at -1 V. While operating at a data rate of 56 Gb/s, the device modulates light at 1610 nm with a dynamic ER of 3.29 dB. Due to ultralow capacitances, the total power consumption (dynamic and static) of the modulator is 1.84mW in typical operating conditions.
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